1.. Introduction
================

Osteosarcoma (OS), which is the most common primary bone tumor in childhood and adolescence \[[@b1-ijms-15-05570],[@b2-ijms-15-05570]\], often occurs in the long bones of the body, especially in distal femur and proximal tibia \[[@b3-ijms-15-05570]\]. OS is derived from primitive bone-forming mesenchymal stem cells \[[@b4-ijms-15-05570]\] and characterized by rapid growth and high metastatic potential. The two main sites of metastases of OS are lung and bone \[[@b5-ijms-15-05570]\]. With the use of combination aggressive surgery and neoadjuvant chemotherapy, 5-year survival rates of patients presenting without metastatic disease have reached 60%--75% \[[@b6-ijms-15-05570]\]. However, 40%--50% of patients will develop metastases with dismal prognosis, especially for patients who have primary pulmonary metastases \[[@b7-ijms-15-05570]\]. Meanwhile, several adverse reactions are associated with high-dose chemotherapy. Thus, the development of new treatments for OS has become an urgent clinical need. With increasing knowledge and understanding of the molecular pathogenesis of OS, several genetic alterations have been found to be associated with OS \[[@b8-ijms-15-05570]\], which may represent new potential targets for diagnosis and treatment.

Kv channels play key roles in both electrically excitable and nonexcitable cells. Recently, the importance of Kv channels in tumor biology has aroused interest \[[@b9-ijms-15-05570]\]. Several Kv channels, especially the Eag1 (Kv10.1, KCNH1) channel stands out as the most attractive one due to its close relation to tumor development and progression. The *Ether à go-go* (*Eag*) gene was originally cloned from *Drosophila melanogaster* in 1969 \[[@b10-ijms-15-05570]\]. Homology screening identified that the Eag channels family was formed by Eag, Erg (the eag-related gene) and Elk (the eag-like gene) subfamily. Two members of the Eag subfamily, three for Erg and two for Elk are differentially expressed in different species including rat, bovine and humans \[[@b11-ijms-15-05570]\]. Two members of the Eag subfamily are Eag1 and Eag2 (Kv10.2, KCNH5) \[[@b12-ijms-15-05570]\]. Interestingly, Eag1 channel shows a restricted distribution in normal tissues, it has been found almost exclusively in the brain but ectopically expressed in several tumor cell lines and more than 75% primary solid tumors \[[@b13-ijms-15-05570],[@b14-ijms-15-05570]\]. In addition, suppression of Eag1 expression in several cancer cell lines causes a significant reduction of cell proliferation \[[@b15-ijms-15-05570],[@b16-ijms-15-05570]\]. Furthermore, aggressive tumors were induced when cells were transfected with Eag1 and implanted into immune-depressed mice \[[@b17-ijms-15-05570]\]. These studies show an oncogenic potential of Eag1 \[[@b17-ijms-15-05570]\]. However, the molecular mechanisms responsible for the oncogenic role of Eag1 are not completely understood. Definitely Eag1 channel is a transmembrane protein, potassium permeation is not the only feature of its relevance to tumor progression. Furthermore, one of the most intriguing aspects of it, are the transformative properties \[[@b18-ijms-15-05570]\]. Thus, further studies are needed to clarify exactly the nature of the mechanism.

Our previous studies provide evidence that Eag1 promotes the growth and angiogenesis of OS and the downreguation of Eag1 by siRNA or microRNA-34a exhibited antitumor effects on OS \[[@b19-ijms-15-05570],[@b20-ijms-15-05570]\]. To further elucidate the mechanisms underlying the oncogenic role of Eag1 in OS, in this study we used OS cell line MG-63 as the experimental model and focused on the regulation of cell cycle progression by Eag1.

2.. Results
===========

2.1.. Ad5-Eag1-shRNA Inhibits Eag1 Expression in MG-63 Cells
------------------------------------------------------------

The Eag1 mRNA levels in OS cell line MG-63 infected with adenoviral shRNA vectors were determined by RT-PCR. The results showed that Eag1 mRNA expression was effectively suppressed by Ad5-Eag1-shRNA, compared with uninfected (negative-control) cells, or cells infected by Ad5-Control-shRNA ([Figure 1A](#f1-ijms-15-05570){ref-type="fig"}). In parallel, Western blot analysis confirmed that Eag1-shRNA reduced Eag1 protein expression in MG-63 cells ([Figure 1B](#f1-ijms-15-05570){ref-type="fig"}).

2.2.. Ad5-Eag1-shRNA Inhibits MG-63 Cell Proliferation
------------------------------------------------------

To characterize the oncogenic role of Eag1 in OS cells, we used loss-of-function approach. As shown in [Figure 2A](#f2-ijms-15-05570){ref-type="fig"}, cell proliferation was inhibited by 38% in Ad5-Eag1-shRNA infected MG-63 cells. In addition, colony formation was inhibited in Ad5-Eag1-shRNA infected MG-63 cells ([Figure 2B,C](#f2-ijms-15-05570){ref-type="fig"}). Collectively, these results suggest that Eag1 promotes the proliferation of OS cells *in vitro*.

2.3.. Ad5-Eag1-shRNA Inhibits Tumor Growth in a Xenograft Model of OS
---------------------------------------------------------------------

To investigate the *in vivo* role of Eag1 in OS, we established a xenograft model of OS in nude mice ([Figure 3A](#f3-ijms-15-05570){ref-type="fig"}). The results showed that the tumor volume was significantly smaller in the control group compared to the Ad5-Eag1-shRNA group ([Figure 3B](#f3-ijms-15-05570){ref-type="fig"}). These *in vivo* data complement our *in vitro* results and suggest that the blockade of Eag1 suppresses OS growth in nude mice effectively.

2.4.. Ad5-Eag1-shRNA Inhibits Cell Cycle Progression of MG-63 Cells
-------------------------------------------------------------------

To determine how Eag1 knockdown inhibits OS growth, we analyzed the DNA contents of MG-63 cells by flow cytometry. As shown in [Figure 4A](#f4-ijms-15-05570){ref-type="fig"}, Ad5-Eag1-shRNA significantly affected cell cycle progression of MG-63 cells. Exponentially growing cells in the negative-control group had a distribution of 38.97% ± 2.64% in the G1 phase, 53.58% ± 3.37% in the S phase, and 7.46% ± 1.16% in the G2 phase (*n =* 3, [Figure 4B](#f4-ijms-15-05570){ref-type="fig"}), while the distribution of different phase in the Ad5-Control-shRNA group was 41.33% ± 3.21% in the G1 phase, 46.23% ± 2.16% in the S phase, and 9.77% ± 1.43% in the G2 phase (*n =* 3, [Figure 4C](#f4-ijms-15-05570){ref-type="fig"}). In contrast, in Ad5-Eag1-shRNA treated cells we observed a significant increase in the proportion of G1 phase (70.15% ± 3.36%, *n =* 3, *p \<* 0.05), and a significant decrease in the proportion of S phase (21.73% ± 1.28%, *n =* 3, *p \<* 0.05) and G2 phase (10.25% ± 1.20%, *n =* 3) ([Figure 4D](#f4-ijms-15-05570){ref-type="fig"}).

2.5.. Eag1 Regulates the Expression of Cell Cycle Related Proteins in MG-63 Cells
---------------------------------------------------------------------------------

In order to explain the detailed mechanisms of G1--S transition inhibition by specific blockade of Eag1, we examined the relative expression level of cyclin D1 and cyclin E using Western blot analysis. As shown in [Figure 5](#f5-ijms-15-05570){ref-type="fig"}, the expression level of cyclin D1 and cyclin E protein was significantly decreased by 0.75-fold (*n =* 3) and 0.79-fold (*n =* 3) respectively in the Ad5-Eag1-shRNA group. These results indicate that selective inhibition of Eag1 expression causes G1--S cell cycle progression of cultured MG-63 cells.

3.. Discussion
==============

Increasing evidence has suggested that Eag1 is a promising target for cancer treatment. Nonspecific blockers such as the tricyclic antidepressant imipramine and antihistamine astemizole, or specific blockers such as monoclonal antibodies or small interfering RNA (siRNA) against Eag1 could reduce the proliferation of cancer cells \[[@b16-ijms-15-05570],[@b21-ijms-15-05570],[@b22-ijms-15-05570]\]. Thus, the potential therapeutic value of Eag1 channels is high \[[@b23-ijms-15-05570]\].

Compared with nonspecific blockers, siRNA is a more specific tool to evaluate the role of *Eag1* in cancer progression. Knockdown of *Eag1* by siRNA resulted in reduced proliferation of tumor cells without obvious nonspecific responses \[[@b16-ijms-15-05570]\]. In this study, we found that Eag1-shRNA could effectively downregulate Eag1 expression with good specificity. In addition, Eag1-shRNA inhibited cell proliferation in OS. Proliferation inhibition can be a result of cell cycle arrest. By flow cytometry analysis we demonstrated that Eag1-shRNA significantly increased the percentage of cells in the G1 phase and reduced the percentage of cells in the S and G2 phase.

To analyze how Eag1 modulates OS cell proliferation and cell cycle progression, it is important to note that Eag1 contributes to tumor progression independently of its primary function as an ion channel. Previous studies have shown that potassium permeation is not the only feature of the Eag1 channel relevant to tumor progression \[[@b18-ijms-15-05570]\]. Moreover, overexpression of Eag1 in OS cells is regulated by the p38 mitogen-activated protein kinases (p38MAPK) pathway independent of K^+^ influx \[[@b24-ijms-15-05570]\]. However, our *in vitro* and *in vivo* data could not exclude that the oncogenic role of Eag1 is dependent on its K^+^ conducting activity. Several K^+^ channels are often overexpressed in tumor cells and regulate proliferation. They are needed to control specific checkpoints in the cell cycle progression. It is well accepted that the Eag1 channel is necessary for progression through the G1 phase of the cell cycle \[[@b25-ijms-15-05570]\]. This may be due to the fact that during cell cycle progression into the G1 phase, the membrane potential becomes hyperpolarized relative to the normal resting potential. The hyperpolarization relates to Eag1 channel activation in the early G1 and activated Eag1 channel and was accompanied by an increase of some regulator expression which is key for the G1--S transition.

Cyclins are a family of proteins that control cell cycle by activating cyclin-dependent kinase (Cdk) \[[@b26-ijms-15-05570]\]. Recently, aberrant expression of cyclins was found to correlate with tumorigenesis \[[@b27-ijms-15-05570],[@b28-ijms-15-05570]\]. Among them, cyclin D1 and cyclin E have been areas of intense investigation. Cyclin D1 is a key regulator of the G1 phase progression of the cell cycle \[[@b29-ijms-15-05570]\], while cyclin E is required for the transition from G1 to S phase and is necessary for the entry of cells into S phase \[[@b30-ijms-15-05570]\]. Additionally, the Eag1 channel plays a critical role in G1 phase progression of MCF-7 cells (human breast cancer) and cyclin D1 and E are the main factors regulated by Eag1 \[[@b30-ijms-15-05570]\]. In order to explain the detailed mechanisms of the G1--S transition inhibition by Eag1 knockdown, we examined the expression levels of cyclin D1 and cyclin E. Our results suggest that the inhibition effect of Eag1 shRNA on MG-63 cell proliferation is achieved at least partially via the inhibition of cyclin D1 and cyclin E expression and G1--S progression. Interestingly, a recent study reported that the inhibition of Eag1 inhibited the proliferation of human bone marrow-derived mesenchymal stem cells, accompanied by reduced levels of cyclin D1, cyclin E, p-ERK1/2, and p-Akt \[[@b31-ijms-15-05570]\]. These results are consistent with our data and suggest that Eag1 may regulate the expression of cyclin D1 and E via the activation of MAPK and PI3K/Akt signaling pathways. In fact, the inhibition of MAPK and PI3K/Akt pathways has been implicated in anti-tumor effects on OS \[[@b32-ijms-15-05570]\]. Further studies are needed to elucidate the crosstalk of Eag1 with these signaling pathways in the initiation and progression of OS.

Taken together, this study provides *in vitro* and *in vivo* evidence of anti-proliferative effects of Eag1 knockdown on human OS cells. Our data help reveal possible mechanisms by which Eag1 promotes cell proliferation ([Figure 6](#f6-ijms-15-05570){ref-type="fig"}). shRNA targeting Eag1 may be considered a novel therapeutic agent for OS treatment.

4.. Materials and Methods
=========================

4.1.. Cell Culture
------------------

Human OS cell line MG-63 and human embryonic kidney cell line 293 (HEK293) were obtained from the American type culture of collection (ATCC, Manassas, VA, USA). MG-63 and HEK293 cells were cultured in RPMI-1640 medium (Gibco, Rockville, MD, USA) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 μg/mL streptomycin at 37 °C in a humidified atmosphere with 5% CO~2~. Cells were subcultured every 3--4 days.

4.2.. Preparation of Adenoviral shRNA Vectors
---------------------------------------------

The oligonucleotides targeting human Eag1 were designed and selected as the template: AGC CAT CTT GGT CCC TTA TAA, which shared no homology with other coding sequences in human by BLAST analysis. A ring sequence of nine base pairs (TTC AAG ACG) existed between the sense and antisense strands. The shRNA was synthesis by Sangon Biotech (Shanghai, China). Plasmid pGeneSil-1, which was purchased from GeneSil Biotechnology (Wuhan, China), contained the human U6 promoter inserted between the BamHI and the HindIII sites. The shRNA-expressing cassette was subcloned into pAdTrack vector between the HindIII and the XbaI sites. The recombinant plasmid was linearized by digestion with restriction endonuclease, and subsequently cotransformed into *E. coli* BJ5183 cells with an adenoviral backbone plasmid, pAdEasy-1 (GeneSil Biotechnology, Wuhan, China). Recombinant plasmids were selected for kanamycin resistance, and transduced into the HEK293 cells. A recombinant adenovirus expressing shRNA against Eag1 (Ad5-Eag1-shRNA) was generated. The recombinant adenovirus control (Ad5-Control-shRNA), which carries a CTA GGT GTT CTA GTC TGG ACT and did not target any known human genes, was generated as control. All viruses were propagated and purified on a CsCl gradient using standard methods. The viruses were titrated for viral particles using standard methods based on spectrophotometry at 260 nm. Functional titer (plaque forming units) was determined with a plaque assay on HEK293 cells according to the method developed by Quantum Biotechnology (Taichuang, Taiwan, China).

4.3.. Adenovirus Infection
--------------------------

MG-63 cells (1 × 10^5^) in serum-free RPMI-1640 were infected with Ad5-Eag1-shRNA or Ad5-Control-shRNA at 5 MOI (multiplicity of infection, calculated as PFU/cell numbers) in a humidified atmosphere of 5% CO~2~ at 37 °C. Virus-containing medium was removed 8 h later and replaced with fresh RPMI-1640 medium containing 10% (*v*/*v*) FBS. Cells were incubated for an additional 48 h.

4.4.. RT-PCR
------------

Total RNA was isolated from the cultured cells by Trizol reagent (Invitrogen, Rockville, MD, USA). RNA purity and integrity was examined by running an aliquot on a denaturing 1% (*w*/*v*) agarose gel. cDNA was then synthesized from 1 μg of total RNA using 200 U reverse transcriptase (Takara, Tokyo, Japan), plus 200 μM dNTPs and 2.5 μM oligo-dT primer, in a 20 μL reaction volume, for 10 min at 30 °C then 60 min at 42 °C and finally at 80 °C for 5 min. One μL of cDNA was then amplified by PCR in 25 μL reaction containing 2.5 U DNA polymerase and 200 μM dNTPs. Sequences of forward and backward primers, amplified fragment sizes, annealing temperatures were as follows: Eag1, 5′-GCT TTT GAG AAC GTG GAT GAG-3′, 5′-CGA AGA TGG TGG CAT AGA GAA-3′, 475 bp, 56 °C. β-actin, 5′-TCC ACC TTC CAG CAG ATG TG-3′, 5′-GCA TTT GCG GTG GAC GAT-3′, 75 bp, 54 °C. Samples of PCR products were run on a 2% (*w*/*v*) agarose gel and the bands were visualized by ethidium bromide staining on a UV trans illuminator. Each experiment was repeated three times. Some of the PCR products were sequenced to check the PCR specificity.

4.5.. Western Blot Analysis
---------------------------

A number of 5 × 10^7^--6 × 10^7^ cells were collected and lysed in ice-cold lysis buffer containing 50 mmol/L Tris-Cl (pH 7.5), 150 mmol/L NaCl, 0.2 mmol/L EDTA, 1 mmol/L PMSF and 1% (*v*/*v*) Nonidet-P40 for 30 min. The lysates were centrifuged at 13,200 rpm for 10 min at 4 °C and the supernatants were collected. Twenty five μg protein was resolved by a 12% SDS-PAGE and blotted on nitrocellulose membranes (Bio-Rad, Richmond, CA, USA). Membranes were blocked with 10% (*w*/*v*) nonfat milk powder at room temperature for 1 h, and then incubated with antibodies against Eag1 (Abcam, Cambridge, MA, USA), cyclin D1 (Cell Signaling Technology^®^, Danvers, MA, USA), cyclin E and GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight, followed by incubation with horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Then the membranes were developed with chemiluminescent detection kit (Zhongshan Biotechnology, Beijing, China) and exposed to X-ray films. Experiments were performed at least three times with representative data presented.

4.6.. Cell Proliferation Assay
------------------------------

The cell proliferation was analyzed by using Cell Counting Assay Kit-8 (CCK-8; Dojindo Molecular Technologies, Gaithersburg, MD, USA) according to the manufacturer's protocol. In brief, 1 × 10^4^ cells were starved in a serum-free medium for 12 h and then the cells were transduced. After 48 h, cells were harvested. Ten microliters of Cell Counting Assay Kit-8 solution was added to each well, the cells were incubated for another 1 h, and the absorbance (A) at 490 nm was measured by using a spectrophotometer (Bio-Rad, Richmond, CA, USA). Experiments were performed at least three times with representative data presented.

4.7.. Colony Formation Assay
----------------------------

For the colony formation assay, 0.5% agar (Sigma, St. Louis, MO, USA) was added in 60 mm dishes. The treated MG-63 cells were mixed with 0.3% soft agar and added to the bottom agar with 300 cells per dish. The cells were incubated for up to two weeks. The assay was stopped when the colonies were clearly visible even without looking under the microscope.

4.8.. Tumorigenicity Assay in Nude Mice
---------------------------------------

Thymus-null BALB/c nude mice (female, age 6--8 weeks) were obtained from the Animal Center of the Chinese Academy of Medical Sciences (Beijing, China). All animal procedures were performed according to approved protocols and in accordance with recommendations for the proper use and care of laboratory animals. OS xenografts were established in nude mice according to our previous reports \[[@b20-ijms-15-05570]\]. In brief, a total of 1.5 × 10^5^ MG-63 cells in 150 μL Phosphate-buffered Saline (PBS) were subcutaneously injected in the hind right leg. One week later, the tumors grew to visible size. The OS-bearing mice were randomly divided into three groups (six in each group). Group 1 received intra-tumor injections with Ad5-Eag1-shRNA (10 MOI) every 2 days (6 injections totally). Group 2 received intra-tumor injections of Ad5-Control-shRNA (10 MOI) every 2 days (6 injections totally). Group 3 received normal saline injection as controls. Tumor volume (mm^3^) was determined based on the following formula: *ab*^2^/2 where *a* was the length and *b* was the width of the tumor \[[@b20-ijms-15-05570]\].

4.9.. Flow Cytometry Analysis
-----------------------------

The cells were collected and washed twice with cold PBS following the infection with shRNA for 48 h, and then resuspended at 1 × 10^6^ cells/mL and fixed in 70% cold ethanol overnight at 4 °C. A fluorochrome solution containing 50 μg/mL PI, 3.4 mmol/L sodium citration, 20 μg/mL RNase A and 1% Triton X-100 was added and the mixture was incubated in the dark at room temperature for 30 min. The distribution of the cell cycle was measured using flow cytometry (FCM; Partec, Münster, Germany). FCM analysis was performed using the Cell Quest software (Beckton Dickinson, Franklin Lakes, NJ, USA).

4.10.. Statistical Analysis
---------------------------

All data were presented as mean ± standard deviation (SD). Statistical significance was determined using *t*-test or analysis of variance (ANOVA) using the SPSS18.0 program (SPSS Company, Chicago, IL, USA). *p \<* 0.05 was considered as significant difference.

5.. Conclusions
===============

Our findings suggest that the Eag1 channel plays a crucial role in regulating the proliferation and cell cycle of osteosarcoma cells, and represents a new and effective therapeutic target for osteosarcoma.
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![shRNA mediated knockdown of Ether à go-go 1 (*Eag1*) in MG-63 cells. (**A**) RT-PCR analysis of Eag1 mRNA level in MG-63 cells treated with Eag1-shRNA. β-actin was internal control; (**B**) Western blot analysis of Eag1 protein level in MG-63 cells treated with Eag1-shRNA; (**C**) Densitometry analysis of Rag1 protein level. GAPDH was loading control. The results were expressed as mean ± SD (*n =* 3). \*\* *p \<* 0.01.](ijms-15-05570f1){#f1-ijms-15-05570}

![Eag1 blockage inhibits the proliferation and tumorigenicity of OS cells. (**A**) The proliferation of MG-63 cells was determined by CCK-8 assay. The proliferation of MG-63 cells was significantly reduced after treatment with Eag1-shRNA. Data were presented as mean ± SD (*n =* 6). \*\* *p \<* 0.01; (**B**,**C**) The tumorigenicity of MG-63 cells was determined by colony formation assay. The tumorigenicity of MG-63 cells was significantly reduced after treatment with Eag1-shRNA. Data were presented as mean ± SD (*n =* 3). \*\* *p \<* 0.01.](ijms-15-05570f2){#f2-ijms-15-05570}

![Ad5-Eag1-shRNA inhibits OS growth *in vivo.* (**A**) Schematic representation of the experiments with OS xenograft tumors and different treatments. Xenograft tumors were established by subcutaneous injection of 1 × 10^5^ MG-63 cells. After one week, the tumors grew to visible size. Ad5-Eag1-shRNA treatment was given by intra-tumor injection every two days (blue arrows). Mice in the control group were injected with saline or Ad5-Control-shRNA; (**B**) The length and width of tumors were measured every two days after inoculation and the volume of tumor was calculated. After 10 days, the tumor volume growth curve was drafted. \*\* *p \<* 0.01 *vs.* saline or Ad5-Control-shRNA group.](ijms-15-05570f3){#f3-ijms-15-05570}

![The effects of Eag1-shRNA on cell cycle progression of MG-63 cells. (**A**) Cells were infected with shRNA for 48 h. Eag1 knockdown induced a significant increase in cells arrested in the G1 phase (*p* \< 0.05) and a decrease in cells arrested in the S phase (*p* \< 0.05); (**B**--**D**) Representative flow cytometry images of MG-63 cells in negative-control (38.97% ± 2.64% in the G1 phase, 53.58% ± 3.37% in the S phase, and 7.46% ± 1.16% in the G2 phase), Ad5-Control-shRNA (41.33% ± 3.21% in the G1 phase, 46.23% ± 2.16% in the S phase, and 9.77% ± 1.43% in the G2 phase), and Ad5-Eag1-shRNA groups (70.15% ± 3.36% in the G1 phase, 21.73% ± 1.28% in the S phase, and 10.25% ± 1.20% in the G2 phase).](ijms-15-05570f4){#f4-ijms-15-05570}

![Regulation of cyclin D1 and cyclin E expression by Eag1-shRNA in MG-63 cells. (**A**) Representative blots showing significantly decreased expression of cyclin E (*n =* 3) and cyclin D1 (*n =* 3); (**B**) Densitometry analysis of cyclin E and cyclin D1 protein levels in MG-63 cells. GAPDH was the loading control. All data were normalized to the negative-control and presented as mean ± SD (*n* = 3). \*\*\* *p \<* 0.001.](ijms-15-05570f5){#f5-ijms-15-05570}

![Schematic illustration of the role of Eag1 channel during OS cell cycle progression and proliferation.](ijms-15-05570f6){#f6-ijms-15-05570}
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